In this paper, we analyze the performance of several network centrality measures in detecting systemically important financial institutions (SIFI) using data from the Turkish Interbank market during the financial crisis in 2000. We employ various network investigation tools such as volume, transactions, links, connectivity and reciprocity to gain a clearer picture of the network topology of the interbank market. We study the main borrower role of Demirbank in the crash of the banking system with network centrality measures which are extensively used in the network theory. This ex-post analysis of the crisis shows that centrality measures perform well in identifying and monitoring systemically important financial institutions which provides useful insights for financial regulations.
Modern financial markets exhibit a high degree interdependence and interconnectedness. Those connections stem from agents balance sheets both for the asset and liability sides. However, the complex structure of the financial system makes it di cult to detect and monitor the institutions which are contributing to the systemic risk. In a comprehensive analysis of these interconnections for finance and insurance sectors, Billia et.al. (2010) proposed a formal measure which also captures linkages and balance sheet transactions. Besides, a recent study of G-20 shows that systemically important institutions are not only the largest ones but also those which are interconnected and capable of a↵ecting the whole financial system 1 There exist several econometric models to measure the systemic risk 2 . However, these tools and existing techniques at best give indirect indications of the system. Considering the fact that modern financial systems have a very complex structure, network representation gives the crucial picture of the whole system. Mapping financial systems to networks, taking financial institutions as nodes, network theory provides a promising framework for analyzing the inner working of interbank money flows.
A growing literature has emerged analyzing the stability of the interbank markets using network Additionally, recent Basel III regulations puts a weight of 20% to interconnectedness of a bank in identification of Global Systemically Important Banks (G-SIB), hence interconnectedness and centrality is becoming an increasingly important tool for regulators to monitor systemic risk. develop a model of contagion using the network approach and assess the fragility of the financial system, depending on the degree of connectivity, and the liquidity of the market. (2011) where they study the financial contagion due to interbank linkages using detailed balance sheet information from the failure of a large cooperative bank in India and show that interbank linkages act as an important channel of contagion.
In this paper, we also use a novel dataset from the Turkish banking crisis in 2000 which serves as a natural experiment to test the ability of network centrality in measuring systemic importance and contribution to systemic risk. The main contribution of our paper is measuring centrality of a financial institution, which is known as the main driving factor of the crisis, and introducing a time perspective where we follow this specific institution's centrality over time. We basically test the hypothesis whether existence of a central institution related to or associated with a financial crisis conditional on default of this institution.
During this crisis, the functioning of the interbank market changed drastically by a system-ically important institution (Demirbank) and which leads to a crash in the centralized network around this institution. 4 The information on the timing of default of Demirbank which triggered the crisis through its default, allow us to compare properties of network measures retrospectively and facilitates the analysis of the performance network centrality measures in detecting and monitoring systemically important institutions. Using the same data set, Saltoglu and Yenilmez (2010) modifies the Google page rank algorithm and show that most interconnected financial institution can be detected five months before the crisis. We extend their analysis by introducing a broader set of centrality measures which are commonly used in the literature and assess their e↵ectiveness.
We also employ various network investigation tools such as volume, transactions, links, connectivity and reciprocity to gain a clearer picture of the network topology of the interbank market.
Another contribution of our paper is to add a time-series dimension to the network analysis. By creating 240 consecutive networks based on daily transactions in the interbank market, we show that network centrality measures for Demirbank exhibits a significant increase in the period prior to the crisis hence perform well in identifying and monitoring systemically important financial
institutions. Also, a recent approach introduced by Gencay and Signori (2012), Network Autoregression (NARMA), is a promising method to conduct conditional analysis based on data on the interconnections in the system to identify network e↵ects. However, such an analysis requires detailed balance sheet information for the banks participating in the interbank network in our framework, thus due to data limitations we restrict our analysis with the centrality measures.
The remainder of the paper is organized as follows: Section 2 presents our data and descriptive statistics of the interbank market. Section 3 provides various network measures such as volume, transactions, links, connectivity and reciprocity applied to Turkish interbank market. Section 4 contains detailed investigation of the behaviour of centrality measures before and after the crisis.
In section 5, we present a graphical analysis of the evolution of interbank network and section 6
concludes.
In this section, we lay out the structure of the Turkish Interbank market and provide descriptive statistics. Recently, banks have started to lead higher loans and deposits daily due to globalization of the economies and amplified trade volumes worldwide. Higher loans and deposits are likely to cause imbalances in banks' balance sheets. Those imbalances can be compensated and corrected by short term, mostly overnight, interbank lending and borrowings. For example, a bank holding 3000 dollars in loans, 2200 dollars in deposits and 600 dollars in equity is likely to use interbank market to borrow additional 200 dollars to fund its balance sheet fully.
Topology of the interbank networks can be described as directed, weighted and built at a daily frequency. Generally, real money market networks are not strongly connected, i.e. each node is not reachable from every other node in the network. Furthermore, it is observed that not all where DEM lies in latter column. Clearing these duplicated lines from data, we end up with a data set including 264,039 transactions for which date, time, volume, interest rates and identities of borrower and lender.
Descriptive statistics are provided in Table 2 . We report average daily volume of total lending amounts and also include the proportion of lending made by the 25 largest market participants. Based on the literature on the Turkish financial crisis, November 20 is taken as the first day of the financial breakdown. On November 20, based on our post-crisis knowledge, Demirbanks default created a gridlock in the borrowing channel through interbank markets and prevented borrowing of relatively healthier banks. Credit supply squeezed and demand amplified, and because of this asymmetry overnight rates increased to a level, which makes the market not operational.
Therefore, we mainly focus on the behaviour of the market, before and after November 20, which we refer as pre and post-crisis periods.
The averages are about 20% in the pre-crisis period and 5-10% in the post crisis period. We observe that network evolves from a heavily centralized to a considerably less centralized on in the post-crisis period. Furthermore, starting from November 20, there is a significant decrease in total transaction volume and number of transactions. 
Empirical Findings
A detailed analysis of the structural changes between networks over time is hard to visualize.
Therefore, in this section, we consider a set of statistical measures common in the network approach. Table 3 provides summary statistics of the interbank network. We observe a similar pattern in the total number of transactions and the number of transactions by Demirbank in Figure 3 and 4, which confirms Demirbank's domination on the borrowing side of the market.
Volume and Number of Transactions
In order to obtain a clearer picture of the density of the network, we also use volume per transaction. Figure 5 shows that both total volume and number of transactions have increased in the pre-crisis period. We observe that in the pre-crisis period, increase in volume is not uniformly shared by participant institutions, hence there is an increase in volume per transaction which is normalized after the take-over of Demirbank.
Links and Nodes
An important characteristic of a node in a network is the number of links, which originate from a node and the number of links terminating in a node. In our analysis, we focus on the borrower side of the market and analysed the main borrower role of Demirbank to investigate the evolution of the interbank market. The time-series of the total number of links in the interbank network is This pattern shows that trade is concentrated in larger volumes which contributes to the tension and risk at the market level.
In Figure 7 , we plot the number of active borrowers. In the pre-crisis period, there is a significant decrease in the total number of borrowers in the interbank market, combined with the increase in Demirbank's number of transactions, confirms the domination of Demirbank on the borrowing side of the market.
Connectivity
We measure connectivity of the interbank network as the ratio of the total number of links to the number of potential links which is given as:
where C is the measure of graph connectivity, N is the total number of nodes and E is the Allen and Gale (2000) argues that connectivity is closely related to the stability of the interbank network and contagion. A more connected structure provides better risk-sharing opportunities for financial institutions, since in the case of a default of a particular bank, the e↵ect of the negative shock is dispersed among other banks in the network. As observed in Figure 8 , connectivity gradually declines towards November 20, which we identify as the first day of financial breakdown.
Another important measure is reciprocity which is the fraction of links for which the link with opposite direction exists in the network. Figure 9 shows the evolution of the reciprocity measure. We observe a lower average reciprocity in October and November, which confirms the This segmentation contributes to the vulnerability of the system which becomes less flexible in absorbing shocks.
Centrality Measures
In this section, we empirically investigate the evolution of the centrality values for Demirbank, the critical institution which triggered the crisis, using four centrality measures, which are commonly used in network analysis: degree, betweenness, closeness, and Bonacich (eigenvector).
Degree Centrality
First and conceptually simplest centrality measure is the degree centrality which is defined as the number of links incident upon a node. The degree can be interpreted in terms of the immediate risk of a node for catching whatever is flowing through the network. We take in-degree counts as the degree measure because of our focus on the borrowing behaviour of Demirbank in the network. From the beginning of July, Demirbank started to borrow from many di↵erent institutions which increases its degree centrality gradually reaching its peak on October 30 when Demirbank becomes the main borrower in the market. On December 1, when market volume drops to the bottom level for the time period we have studied, the degree centrality of Demirbank drops significantly due to precautionary credit squeeze by other institutions.
As in Figure 9 , the total degree centrality of network, which is the number of formed links decreased until the take over. However, Demirbank's degree centrality increased during this period.
This position continued until the take over on December 5 which leads to the normalization of the market.
Closeness Centrality
In this section, we investigate the closeness centrality values of Demirbank over time. We measure closeness centrality based on the distance of each bank to every other bank in the network.
We compute closeness centrality for bank i as: Figure 10 : Degree centrality values of Demirbank
where d is the path distance between banks i and j.
An institution is considered important if it is relatively close to all other institutions. Closeness centrality indicates the influence of a node on the entire network. We observe that closeness centrality values of Demirbank have an increasing trend. Again the peak values are attained just before the crisis and they fell sharply afterwards.
The red line in Figure 11 shows the maximum closeness centrality value attained in the network whereas black line shows the closeness centrality value of Demirbank. It should be noted that as 
Betweenness Centrality
Betweenness centrality of bank i in the network is measured as:
where g jk the number of shortest paths between j and k and g jk (b i the number of shortest paths between banks j and k that bank i resides on.
Betweenness centrality builds on the notion that a vertex is central if it is needed to connect other pair of vertices. A node with high betweenness centrality can potentially influence the spread of information through the network. The betweenness centrality of Demirbank increases as it becomes the main borrower in the market. The value reaches the peak again on October 30.
During the crisis the centrality values decreased below the maximum value and increased after the normalization of the market on December 5. Within 124 days, Demirbank has been leader in terms of betweenness centrality in 68 days.
Bonacich's Centrality
We measure Bonacich centrality using the formula: Figure 12 : Betweenness centrality values of Demirbank
where is the weight, G is the adjacency matrix and I is the identity matrix.
Bonacich's centrality which is also known as the eigenvector centrality is based on the idea that a node is more central when there are more connections within its local network. 7 More connections in its local area means that node is more powerful. This also means that power comes from being connected to those that are powerless. It assigns relative scores to all nodes in the network based on the principle that connections to high-scoring nodes contribute more to the score of the node in question than equal connections to low-scoring nodes.
Our focus in again on the centrality measures of Demirbank. For each network of transactions, we calculate Bonacich centrality values. Figure 13 plots the evolution of the Bonacich centrality values in the pre and post-crisis periods. We observe, a relatively milder and more volatile increasing trend which reaches its peak at October 30 similar to other centrality measures. lending to Demirbank which is considered too risky.
On December 5, the takeover of Demirbank, network exhibits a multi-centered structure which represents the normalization of the interbank market. ,
Conclusion
In this paper, we evaluate the performance of several network centrality measures in detecting First, we provide a detailed analysis of the Turkish interbank market before and after the crisis, by relying on various network investigation statistics such as volume, transactions, links, connectivity and reciprocity. We observe a significant increase in volume and volume per transactions which is mainly due to the borrowings of Demirbank before the crisis period which drops drastically afterwards. Prior to the crisis, the total number of links in the interbank market decrease while there is an increase in the number of transactions which confirms that network becomes heavily centralized. After the crisis network evolves to a considerably less centralized one. We show that both facts in before and after crisis periods are consistently matched by connectivity and reciprocity measures.
Exploiting the rich time dimension of our data set, we construct time series of degree, betweenness, closeness, and Bonacich centrality measures and investigate their evolution, particularly for the institution which triggered the crisis, i.e. Demirbank. We observe an increasing trend in all centrality measures for Demirbank which,as an ex-post analysis of the crisis, confirms that centrality values of institutions perform well in detecting systemically important institutions in the interbank markets. We also generate graphical illustrations of the evolution of the interbank network which shows that network is gradually becoming a star network around Demirbank before the crisis.
In this paper, due to data limitations, we only focus on the position of the institutions in the network and the weights of their links to the other institutions in the network. A more comprehensive analysis might incorporate network measures with balance sheet information which will provide us with a clearer view of defaults related to contagion and systemic risk.
